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Abstract  
 
Objectives: To compare estimated annual doses from the Hope Creek Nuclear Generating Station with 
industry standards for radiation exposure, while accounting for between- and within-worker variability 
of monthly doses measurements, and to project compliance with limits on annual dose.  
 
Methods: Personal dosimeter data from Hope Creek Nuclear Generating Station was obtained for the 
period of January – December 2014, comprising 5,388 monthly dose measurements from 888 workers. 
27% of measurements were below the limit of detection of 0.1 millirem (mrem). Compliance with the 
Nuclear Regulatory Commission’s annual Occupational Exposure Limit (OEL) of 5,000 mrem was 
evaluated using three methods. First, a compliance estimate was calculated for the probability of any 
random worker exceeding the OEL. Second, the probability of overexposure on a monthly basis using 
1/12 OEL and the plant’s internal limit of 2,000 mrem was calculated for each group according to 
Rappaport et al (1994). To do so, we had to account for left censored data below the limit of detection 
using maximum likelihood estimation method of Jin et al (2010). Third, to account for truly unexposed 
months within a year for a worker, bootstrapped estimates of annual dose were computed; as part of 
this procedure, we also imputed non-detects based on the maximum likelihood estimates of mean and 
variances.  We also compared projected doses with data for the industry as the whole, obtained from 
the Nuclear Regulatory Commission’s Radiation Exposure Information and Reporting System (REIRS) and 
the Department of Energy’s Radiation Exposure Monitoring System.  
 
Results: Using the compliance test, none of the workers exceeded the OEL. After considering between- 
and within-worker variances, 5 out of 14 groups had a >1% chance of exceeding the 1/12 OEL on a 
monthly basis. However, external contractors, maintenance, and radiation protection occupational titles 
had a greater than 5% chance of exceeding the lower internal limit on the monthly basis. Bootstrapped 
annual exposure doses revealed similar patterns, with very small chances of exceeding the OEL, but 
great potential for variability. Some workers may reach the 2,000 mrem internal limit if exposed at the 
98th percentile of their projected annual dose. However, this scenario is unlikely given the presence of 
internal plant monitoring systems. Hope Creek is below the national average for boiling water nuclear 
reactors for total worker dose for 2013. 
 
Conclusions: Hope Creek Nuclear Generating Station appears to be typical of its industry peers in terms 
of annual ionizing radiation doses. Some variations exist in between- and within-worker exposure that 
are not captured in an aggregated annual dose estimate. These individual and occupational title-level 
variations are important to take into account when forecasting likelihood of exceeding OEL and 
suggesting preventative measures. 
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Chapter 1: Background 
 
Nuclear power plants produce ionizing radiation during the process of nuclear fission to 
generate electricity. Ionizing radiation is defined as “energy in the form of waves or particles that has 
enough force to remove electrons from atoms” (Environmental Protection Agency, 2007). These 
unstable atoms are known as radionuclides or radioisotopes. As these unstable atoms seek a more 
stable lower energy state, their nuclei release high-energy particles in a process known as radioactive 
decay (EPA, 2007). The three major types of ionizing radiation released during radioactive decay are 
alpha particles, beta particles and gamma rays. 
New Jersey is one of only six states in the United States that relies on nuclear power for a 
primary energy source: 50.6% of its power supply comes from nuclear power plants (U.S. Energy 
Information Administration, 2010). The Hope Creek Nuclear Generating Station in Salem County, New 
Jersey generates almost a third of this total (31.0%), and permanently employs over 600 workers (U.S. 
EIA, 2010). The plant is therefore a significant force both in the local economy and in the state’s energy 
production. 
The Hope Creek Nuclear Generating Station “has a single General Electric Type 4 boiling water 
reactor” (U.S. EIA, 2010), and can produce almost 10,000 MWh (megawatt hours) of electricity per year. 
The reactor uses uranium-235 for its nuclear fission process to generate energy. In accordance with the 
mandates of the Nuclear Regulatory Commission, all workers are monitored at all times while on-site at 
the plant (NRC 10 CFR 20).  
All nuclear power plants are mandated by the NRC to apply engineering controls and 
administrative procedures to reduce occupational radiation doses to a level of “as low as reasonably 
achievable (ALARA)” (NRC, 20.1101, 2015). The meaning of the ALARA principle vaguely defined, and its 
application is left to the discretion of individual power plants. The occupational exposure limit (OEL) for 
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regulatory purposes is the annual total effective dose equivalent (TEDE) established by the United States 
Nuclear Regulatory Commission (NRC). The current TEDE is 5,000 mrem, which is equal to 5 rem or 50 
mSV (Nuclear Regulatory Commission [NRC], 20.1201, 2015). The internal ALARA limit at Hope Creek 
Nuclear Generating Station is 2,000 mrem, which is less than half the official OEL. This limit serves as an 
Administrative Control Level (ACL), or internal warning system for management. These regulations are 
monitored due to concerns over the health of occupationally exposed workers. Chronic ionizing 
radiation exposure is defined as “continuous or intermittent exposure to low doses of radiation over a 
long period of time” (EPA, 2007). Low dose radiation in an occupational setting, can be considered as 
“equivalent doses of the order of several millisieverts (mSv) received during a working year” (Howe et al, 
2004). 
The Sievert (Sv), which is the basic unit of radiation exposure, represents the absorbed radiation 
dose, and is intended to convey the biological health effects of ionizing radiation exposure. The unit of 
roentgen equivalent in man (rem), a similar unit of exposure, can be converted to the Sievert by 
multiplying the rem by 0.01: one rem therefore equals 0.01 Sv.  
The average nuclear power plant worker receives approximately 100-200 millirem (mrem) per 
year in occupational ionizing radiation exposure. By contrast, the average resident of the United States 
receives approximately 300 mrem per year from natural and manmade sources (NCRP, 2009). A nuclear 
power plant worker therefore receives approximately 400-500 mrem of total radiation every year, when 
both occupational and background levels of radiation are accounted for. For comparison purposes, 
airline pilots are on average more highly exposed than nuclear power plant workers, and receive an 
average of 200-500 mrem of cosmic radiation exposure above background levels (Figure 1). 
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Figure 1: COMPARISON OF ANNUAL RADIATION DOSES RECEIVED BY NUCLEAR POWER PLANT 
WORKERS, AIRLINE PILOTS, AND MEMBERS OF THE PUBLIC (IN MREM) 
 
  
 
 
Low levels of radiation can cause the mutation of a cell’s genetic structure by altering the DNA 
of a cell nucleus (Niu, Deboodt, & Pascal, 2010). The Nuclear Regulatory Commission (NRC) uses a linear 
no-threshold dose-response model, which assumes that any small increase in radiation exposure above 
zero causes an incremental increase in cancer risk (NRC, Radiation Exposure and Cancer). However, as 
Picano et al (2012) note, “the characterization of health effects (cancer and non-cancer) of chronic low-
dose radiation is still incomplete.” An imperfect understanding of the dose-response relationship does 
not negate concerns over workers who are chronically exposed to low doses of ionizing radiation in their 
workplace. The ALARA principle mandates that employers must strive to expose workers to the lowest 
dose that is feasible given financial and technological limitations. Any uncertainty in the potential health 
effects per unit dose exposure only serves to strengthen the necessity of applying the ALARA principle.  
In response to these health concerns, the Nuclear Regulatory Commission (NRC) implemented 
the Reactor Oversight Process (ROP) in 2000 “to inspect, measure, and assess the safety and security 
performance of operating commercial nuclear power plants, and to respond to any decline in their 
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performance” (NRC, Reactor Oversight Process, 2015). The NRC concentrates regulatory efforts on two 
metrics: NRC ROP inspection findings as well as internal performance indicators (PIs) reported by the 
individual nuclear power plant. These two areas combine to generate a plant assessment (Inspection 
Findings + Performance Indicators = Plant Assessment) (NRC, Reactor Oversight Process, 2015). 
Inspections and Performance Indicators are reported on a quarterly basis every year. The quarterly 
findings are then aggregated into an annual report on plant performance.  
The NRC uses a color ranking scheme to indicate the Plant Assessment’s implications for worker 
safety and health. Both PIs and inspection findings are evaluated and given a color designation based on 
their safety significance (Appendix A, Figure A1). If indicators are within regulatory limits, NRC will 
continue with routine inspections. However, if components of the Plant Assessment indicate that the 
plant is in danger of exceeding regulatory limits, the NRC will implement more stringent oversight.  
If violations of safety standards occur, the NRC relies on three enforcement mechanisms. Lesser 
offenses may generate a Notice of Violation from the NRC, which “identifies a requirement and how it 
was violated, formalizes a violation pursuant to 10 CFR 2.201, and normally requires a written response” 
(NRC, Enforcement Program Overview, 2015). A Notice of Violation does not carry a monetary penalty. 
The second tier of enforcement is a Civil Penalty, which can levy up to $140,000 per day in fines. The 
final tier of enforcement penalties are Orders, which have the capacity to suspend or cancel individual 
or plant-wide licenses to operate. Orders can carry significant financial loss, and can shut down a plant 
completely if the safety violations are proportionately severe (NRC, Enforcement Program Overview, 
2015).  
One critical component of the NRC inspection process and the plant’s internal reporting is 
plant’s Occupational Radiation Safety program to control and minimize ionizing radiation exposures. 
These regulations are based on the 5,000 mrem OEL standard.  Both plant radiation monitoring systems 
and NRC inspectors pay close attention to worker dose levels. NRC compliance testing is based on the 
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idea that in order to remain in compliance with regulatory limits, at any given time, no worker is an 
exceedance of the OEL. As Maxim et al (2000) note, the test for compliance represents a “one strike” 
policy, where the overexposure of any random worker sampled at any given time renders a facility 
noncompliant.  
However, although no worker may exceed the OEL at the time of inspection, individual workers 
may have variability in their exposure profiles that may place them at higher risk of overexposure in the 
future. Conversely, a worker who is observed to have a high exposure may be typically exposed at a 
much lower level due to fluctuations of exposures in time.  From a health conservation perspective, it is 
important to understand variations within- and between-workers in order to protect workers who may 
be at higher risk of receiving high radiation doses. This approach requires multiple samples collected per 
worker in order to build a more complete picture of their exposure history. Rappaport (1991) gives a 
comprehensive exposition of this approach and notes that it is difficult to collect multiple samples of 
necessary reliability given the practical constraints of sample collection.  
As a result, industrial hygienists have advocated for using statistical methods to create 
projections about a worker’s exposure levels. Leidel et al (1977) posited that the probability of an 
individual worker exceeding the OEL over the course of a typical work shift could be calculated. By 
contrast, other theories focused on an entire group of workers to calculate their mean exposure and 
determine if this average exceeded the OEL (Selvin et al, 1987). However, as Rappaport (1995) noted, 
“these methods still cannot deal with situations involving significant between-worker variability. Thus, 
some individuals can bear the brunt of overexposure without explicit recognition of such a possibility.”  
Industry averages for annual worker dose exposure have declined substantially over the past 
fifty years due to increases in technology and a better understanding of engineering and administrative 
controls at the plants (Blevins & Anderson, 2011). The NRC maintains datasets about individual dose 
exposure levels and about aggregate exposures, as part of the ROP, which are analyzed by year and by 
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individual nuclear power plant. The NRC’s Radiation Exposure Information and Reporting System (REIRS) 
provides data until 2013, the most recent year available. Although Hope Creek has received Green level 
inspections indicators in past reports (NRC Hope Creek 1 Performance Summary, 2015) it is important to 
understand the plant’s total dose exposure profile in contrast with its peers.  
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Chapter 2: Specific aims  
 
This dataset was previously used by Cosmann (2015) to calculate the man-rems of radiation that 
can be saved using robotic technology, and to determine the excess risk of cancer that can be saved by 
mitigating exposure to radiation. Cosmann’s analysis focused on a single occupational class, the 
radiation protection workers at the Hope Creek Nuclear Generating Station. Our project builds on the 
previous analysis by expanding the scope of analysis to consider impact of variability in measured doses 
on projected compliance with the OEL and ALARA principle. The project places Hope Creek Nuclear 
Generating Station within the broader context of industry trends by comparing the data to other nuclear 
power plant exposure levels.  
The project endeavors pursue the following four specific objectives: 
1. Apply government regulations surrounding radiation exposure limits to the plant. 
2. Evaluate probability of overexposure that accounts for within- and between- worker variances in 
radiation dose levels. 
3. Project annual doses from 12 month of data. 
4. Compare estimated annual doses from the plant with industry standards for radiation exposure.  
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Chapter 3: Methods 
 
Ionizing radiation exposure data from January-December 2014 was supplied by the Hope Creek 
Nuclear Generating Station. The dataset contains exposure monitoring information for all workers 
present at the plant, including full-time employees and contractors. In 2014, 5,388 monthly dose 
measurements were reported for 888 total workers. NRC regulations mandate the wearing of individual 
dosimeters that are calibrated in accordance with industry standards (NRC, Regulatory Guide 8.4). The 
NRC does not regulate the limit of detection required.  
Exposure data was collected using two types of personal dosimeters, the Mirion DMC 2000S and 
the Optically Stimulated Luminescence (OSL) dosimeter. The dosimeters measure the amount of charge 
received by radioactive waves by aggregating radiation particles on an aluminum oxide film. A worker’s 
radiation exposure is proportional to the amount of luminescence that emanates from the film badge 
when exposed to a laser (NRC, Regulatory Guide 8.7). Worker doses may be aggregated on a monthly or 
a quarterly basis. The reporting requirement is necessary in order to calculate an annual total effective 
dose equivalent (TEDE) for each worker (NRC, Regulatory Guide 8.7).  
However, the required aggregation of the data results in some limitations when attempting to 
examine worker variability. Aggregation of the data on a monthly basis, as reported in this dataset, may 
mask diversity in certain days or weeks as well as in exposures between workers and between job titles. 
Aggregation on a quarterly basis would result in a lower proportion of left censored data, since the 
worker’s individual dose would be summed into only four total doses. However, this method would 
further impede investigation of worker variability. Quarterly reporting data would limit the possibility of 
forecasting future areas of concern for regulatory compliance, since any spikes in certain workers’ 
exposure would be masked.    
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Worker dose exposure was initially analyzed using basic summary statistics. Histograms were 
generated to determine the distribution of exposures by month sampled. Exceeding the OEL is defined 
as any annual exposure greater than the 5,000 mrem OEL (NRC CFR 20.1201). P-P and Q-Q plots were 
used to examine the assumption of the log-normal distribution of the data. A P-P plot compares the 
cumulative distribution function of the given data with a specified hypothetical cumulative distribution 
function. A Q-Q plot compares the quantiles derived from the data with the quantiles from a standard 
normal distribution. The slopes of the plots are drawn by plotting observed data against theoretical 
data. Both original and log-transformed data were fit to P-P and Q-Q plots. 
 
Worker classification by occupational title 
Workers were classified into 14 groups based on job titles (Table 1). Classification by job title 
was performed in order to generate groups of workers with similar tasks. The rationale for this 
classification was that these workers would be more likely to have similar exposures profiles (National 
Research Council, 2014). 
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Table 1: WORKER CLASSIFICATION BY JOB TITLE 
 
 
 
Employment 
status 
Job Title Number of 
measurements 
Number of 
measurements 
<LOD 
Number 
of 
workers 
 
 
 
 
 
 
Hope Creek 
Employee 
1- Chemistry 270 62 26 
2- Engineering 529 318 98 
3- Maintenance (12-hour shift) 539 101 50 
4- Maintenance (controls) 206 53 23 
5- Maintenance (electrical) 180 104 23 
6- Maintenance (fix-it-now) 178 17 18 
7- Maintenance (mechanical) 298 46 31 
9- Plant Operations (shift A) 140 536 14 
10- Plant Operations (shift B) 135 27 14 
11- Plant Operations (shift C) 160 29 17 
12- Plant Operations (shift D) 128 30 13 
13- Plant Operations (shift E) 120 25 13 
14- Radiation Protection 520 24 48 
Contractor 8- Contractor (Day & Zimmerman NPS) 1965 62 500 
 
Four workers had duplicated measurements, where the same dosimeter identification number 
appeared multiple times in the same month. Under NRC regulations, it is illegal to use the same 
dosimeter for multiple workers (C. Peters, personal communication, February 17, 2016). Potential 
reasons for this duplication are data entry errors for the dosimeter Worker ID, or a worker who switched 
dosimeters due to a mechanical error. Worker promotions to a different occupational title with a newly 
assigned department are also a possible explanation. We made the decision to consider each case of 
duplicated measurements as one worker in order to estimate a more conservative aggregated dose. 
Therefore, all measurements were combined for each of the four workers. We classified the worker into 
the most likely occupational title. The narrative for each decision is documented in Appendix B. 
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Left censoring of data 
Approximately 27% of the worker dose measurements were left-censored below the limit of 
detection of 0.1 mrem (see Table 1). Left-censoring of data is a common issue in exposure assessment 
(Hewett & Ganser, 2007). Traditional methods in industrial hygiene include replacing the left-censored 
measurements with a constant in order to account for the presence of zeros in the dataset. The 
constants may be ½ the limit of detection (LOD) or LOD/√2 (Hornung and Reed, 1990), or a β-
substitution (Huynh et al, 2015). However, the imputation of a constant raises the possibility of biasing 
both the mean and variances of the distribution (Hornung and Reed, 1990). Furthermore, according to 
data quality assessment guidelines established by the U.S. Environmental Protestation Agency (EPA), 
simple imputation of a constant may be an inappropriate when 15% or more of the measured values are 
below the limit of detection (EPA, 2000).  
Although there are methods to calculate the number of true zeros present in an occupational 
dataset (Taylor et al, 2001; Chu & Nie, 2005), we made the assumption that workers who are present at 
a nuclear power plant are exposed to small amount of radiation between zero and 0.1 mrem that is not 
observed by the dosimeter film badges. Workers with a dosimeter measurement for a given month 
therefore are assumed not to have true zero exposures.  
In order to account for the left-censored data, we therefore employed a Maximum Likelihood 
Estimation (MLE) method (Jin et al, 2010). MLE relies on a model’s likelihood, which is the probability of 
observing the data under the fitted probability distribution model. Likelihood therefore measures how 
likely the data is if we assume a given model. MLE makes some assumptions about the data’s 
distribution, and finds the parameter values given this distribution that maximize likelihood of having 
observed the data.  
We analyzed log-transformed measurements of monthly doses, since this MLE procedure we 
employed relies on the assumption of normality and occupational exposures are typically log-normally 
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distributed (Koch, 1966; Ott, 1990). MLE accounts for left-censored data points by assuming that the 
non-censored and left-censored points both come from a common distribution. The parameter values 
are therefore calculated using summary statistics from the observed data and taking into account the 
proportion of left-censored data. The method also allows for repeated measurements of every worker. 
MLE does not generate specific imputations for the left-censored data, but rather accounts for their 
most likely distribution between zero and the limit of detection when fitting a model. The model 
consists of a job title-specific mean, worker-specific random effect, within worker variance, and 
between worker variance estimates.  
We used our worker classification scheme by job title to generate specific parameter estimates 
for each of the 14 job titles. Given the worker ID (SUBJECTID), the observed dosimeter measurements 
(Y), the limit of detection (0.1), and an indication if the data was above or below the limit of detection 
(detected: C=0, censored: C=1), MLE gave an output of parameter estimates (described below). The 
parameter estimates of interest for this research were the intercept of the model, which is the 
logarithmic mean for job titles (μy); the worker-specific logarithmic mean that accounts for Ui random 
effects of ith worker (μyi=μy + Ui); the between-worker (σ2B) and the within-worker (σ 2W) variances. The 
MLE method developed by Jin et al (2010) was implemented in SAS (SAS Institute, Cary, NC); the code is 
detailed in Appendix C. 
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Assessing the probability of exposures above the OEL on a monthly basis 
Estimation of job-title-specific mean and variance estimates allowed for the assessment of each 
group’s probability of exposure above the OEL on a monthly basis. In order to estimate worker 
exposure, we assumed that each monthly dose should not exceed 1/12th the annual OEL of 5,000 mrem. 
This assumption has some flaws given that the burden of exposure is not likely to be uniformly 
distributed over every month. However, we chose to keep the 1/12th OEL value constant for our analysis 
due to the fact that while the monthly exposure totals will fluctuate from year to year, the OEL of 
interest is a fixed annual value. It is not possible to predict which months will carry a higher exposure 
burden unless a planned event such as plant-wide maintenance is conducted. Calculating the potential 
for exceeding 1/12th of the OEL value constant allowed us to assess this probability without making 
assumptions about variations. We also calculated the probability of exposure above the OEL using the 
1/12th of the internal Hope Creek Administrative Control Level (ACL) of 2,000 mrem.  
We used Rappaport et al’s equation (1995) for the calculations:  
𝛳   = P{𝜇xi > OEL} = p {Z > [ln(OEL) - 𝜇y – 0.5𝜎2w] ÷ 𝜎B = z I -𝛳 }  
where 𝜃 represents the probability that in a job group, a randomly selected worker's mean exposure 
(𝜇xi) exceeds the occupational exposure limit (OEL), 
Z is a standard-normal variate,  
𝜇y is the mean of the overall log-transformed exposure distribution in the group, 
𝜎2w   represents the estimate of within-worker component of variance of the logged exposure variable 
yij (yij = ln(xij), where xij is the jth = (j = 1, . . . , ni) time-weighted average measurement on 
the  
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ith (i = 1, . . . , k) worker among those randomly sampled from an observational group),  
𝜎B   is the between-worker standard deviation of the logged exposure variable yij, and 
Z I -𝛳 is a value from the standard-normal distribution such that P{Z> z I -𝛳 }= 𝛳 when  
Z ~ N(0,1). 
 
Assessing the probability of exposures above the OEL on an annual basis 
Annual dose for an individual worker is defined as the sum of their monthly dose 
measurements, where: 
Annual dose (in mrem) = Dose(January) + Dose(February) + Dose(March) + Dose(April) + 
Dose(May) + Dose(June) + Dose(July) + Dose(August) + Dose(September) + Dose(October) + 
Dose(November) + Dose(December) 
 
However, the data presented some challenges to calculating a worker’s total annual dose. First, 
we needed to include the left-censored data points in the calculations of the workers’ annual doses. We 
devised an imputation procedure to account for the left-censored data so as to avoid the imputation of 
a constant that biases variance (as discussed above). Previously calculated MLE of job title-specific 
means and within-worker variances were used to create a probability distribution to sample from the 
normal distribution of measurements. The distribution is bounded by negative infinity on the lower end 
and by the log-limit of detection on the upper end. The procedure imputed a value for the left-censored 
data by drawing randomly from the conditional distribution of the censored values given the observed 
MLE parameter values truncated at the LOD. The program therefore generates a specific imputation for 
each left-censored value based on the MLE of the overall distribution informed by data above LOD. We 
produced five independent imputed datasets for non-detects. Each of the five sets of imputations was 
combined with the values above the limit of detection in order to generate five full sets of data. This 
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procedure was implemented using TRUNCNORM function in R software (The R Project for Statistical 
Computing, CRAN) (code detailed in Appendix D). 
Second, some workers had missing dosimeter data for certain months. This data differed from 
the left-censored data in that the measurement was not reported as zero, but as a missing value. We 
therefore made the assumption for the imputation and bootstrapping procedure that missing data 
points were true zeros of occupational exposure to radiation. Workers who had missing dosimeter data 
for individual months were assumed to be not present at any nuclear power plant for that month, 
through illness, vacation, or other lifestyle factors. Generating an imputed non-zero value for missing 
data is not appropriate, since these workers would not be adding to their annual occupational radiation 
total.  
Third, we were limited in our ability to generalize to other years and variation in annual dose 
due to only having one year of worker exposure data. In order to be able to make predictions about 
future compliance estimates given a dataset that contained some true zero values, we performed a 
bootstrapping procedure on the data. Bootstrapping involves resampling the data with replacement 
many times in order to estimate the statistics of interest (Efron, 1979). Bootstrapping differs from 
Monte Carlo simulation in that it draws solely on the data, and does not rely on assumptions about the 
probability density function of the parameters. This structure allows bootstrapping to account for zeros 
in the data without biasing the mean and variance estimates. Since each bootstrapped dataset produces 
different estimates for the annual dose total, the method accounts for uncertainty and variations in 
yearly data.  
Performing a bootstrap procedure on the data does rely on the assumption that the original 
data is representative of Hope Creek Nuclear Generating Station worker exposure profiles in the years 
immediately following the reported measurements. However, it is to be noted that the availability of 
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more years of historic data at the plant do not necessarily increase the power of the modeling. Due to 
systematic time trend, the ideal predictor for future compliance would be the year-1 of the given data.  
Bootstrapping was performed on each of the 5 datasets that contained both the detected 
measurements and the estimated imputed values for the left-censored data (code detailed in Appendix 
E). The bootstrapping procedure was performed on each worker individually for all 12 months of 
sampling data (if present), plus imputed zeros. The 12 months of measurements were resampled 10,000 
times with replacement. Each measurement had an equal probability of being selected. The procedure 
resulted in a bootstrapped dataset that is identical in size to the original dataset but contains different 
values (multiple sets of 12 measurements for each of the 10,000 simulated years of exposure). Each set 
of the 12 measurements was summed to arrive at the final bootstrapped annual dose. The 
bootstrapping procedure calculated mean and variance estimates for each individual worker’s annual 
doses, as well as the probability of that worker’s exposure exceeding the OEL.  
In order to verify the accuracy of the bootstrap doses, we calculated a bias estimate, which is 
defined as the sum of the original monthly doses subtracted from the mean of the newly bootstrapped 
sum of monthly doses. Bias estimates near zero would indicate that the bootstrap procedure did not 
introduce bias. The main outcome of interest was the estimation of the upper limit of worker exposures. 
We calculated an estimate of the 98th percentile of each worker’s bootstrapped annual dose. These 
estimates allowed for the prediction of worst-case scenario exposures, where the worker would reach 
their highest probable annual dose amounts.  
 
Comparison with industry-wide data 
Lastly, we performed a comparison with industry trends in order to place Hope Creek Nuclear 
Generating Station within the context of industry peers. External data was taken primarily from the 
Radiation Exposure Information and Reporting System (REIRS) of the Nuclear Regulatory Commission 
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(NRC). REIRS data was analyzed from 2007-2013, the most recent year available. The REIRS data 
provided historical dose trends for individual nuclear power plants as well as average yearly cumulative 
doses for workers from all nuclear generating stations managed by the NRC. We therefore placed the 
ionizing radiation doses received at Hope Creek Nuclear Generating Station both in the context of its 
peer boiling water reactors and in comparison with its previous reported data to see if any patterns 
were apparent.  
We also analyzed data from the Department of Energy’s (DOE) Radiation Exposure Monitoring 
System (REMS). The DOE oversees primarily research laboratories whose workers are occupationally 
exposed to radiation, such as Los Alamos National Laboratory and Brookhaven National Laboratory 
(Department of Energy, Occupational Radiation Exposure). However, the radiation standards are the 
same for worker exposure (5,000 mrem). Additionally, DOE maintains an Administrative Control Level 
(ACL) of 2,000 mrem, which serves a similar purpose to Hope Creek’s own standard. Exceeding the 2,000 
mrem standard does not incur a penalty, but rather triggers a warning to the facility management to 
reassign the worker to tasks that will not add to their radiation total dose (U.S. Department of Energy, 
2014 Occupational Radiation Exposure). The DOE REMS data provided a historical trend of worker doses 
from 2010-2014 at all DOE facilities as well as an analysis of the individual annual doses received at the 
two DOE reactor facilities: Sandia National Laboratories and Brookhaven National Laboratory. This data 
provides further context for the performance of Hope Creek Nuclear Generating Station in terms of 
overall worker exposure.  
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Chapter 4: Results 
 
Descriptive Analysis 
The summary statistics included 5,388 measurements collected from 888 workers for the period 
of January-December 2014 (Table 2). The highest annual dose received by any worker in 2014 was 655 
mrem. 655 mrem is approximately 13% of the NRC OEL. The highest monthly dose received by any 
worker was 294.1 mrem, in September (Table 2). The biggest peaks in doses received (Appendix A, Table 
A1) occurred in April and October (Appendix A, Figure A2).  
Descriptive statistics were also calculated for every job title (Table 3). The contractors supplied 
by Day & Zimmerman NPS were the job title with the highest numbers of workers (500) and monthly 
dose measurements (1,965). One of the groups of Hope Creek employees responsible for shift 
operations, group E, had the smallest number of workers (13) and number of monthly dose 
measurements (120). Both P-P (Appendix A, Figures A3 & A4) and Q-Q plots (Figures A5 & A6) on a 
natural log scale demonstrate an adequate fit for the data of the log-normal distributions. A histogram 
of the monthly doses with left-censored data displaying as zero is detailed in Appendix A (Figure A7).  
Mean and variance estimates for each job title from the MLE procedure are detailed in Table 4 
and Figure A8 (Appendix A). Some job titles demonstrated unremarkable between-worker variance but 
high within-worker variance, such as maintenance (12-hour shift) workers. Their between-worker 
variance estimate according to the MLE procedure is 0.87 but within-worker variance is 5.17. Other job 
titles have consistently high between- and within-worker variance, such as the maintenance (Electrical) 
job title. The workers have a between-worker variance of 8.88 and a within-worker variance of 7.15.  
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Probability of exceeding the OEL on a monthly basis 
The results of the equation for calculating the probability of exceeding the OEL on a monthly 
basis are detailed in Appendix A, Table A2. Five of the fourteen job titles had a probability greater than 
one percent of exposure above the OEL. However, when calculated against Hope Creek Nuclear 
Generating Station’s internal ACL of 2,000 mrem, we found that nine out of fourteen job titles had a 
probability of overexposure greater than one percent. Of particular note are: persons employed in 
mechanical maintenance had a probability of overexposure of 9%, while persons employed in electrical 
maintenance, contractors, and radiation protection personnel had probabilities of overexposure greater 
than 5% (Figure 2). 
Probability of exceeding the OEL on an annual basis 
Bootstrapped annual doses also revealed a low probability of exceeding the OEL. In all 
bootstrapped scenarios, the mean annual doses fell below Hope Creek’s internal ACL of 2,000 mrem 
(Figure 3). The highest annual mean dose ranged from 654.25 mrem to 655.77 mrem, which is reflective 
of the 655 mrem dose in the original dataset. However, some workers with large between- and within-
worker variance values came close to the 2,000 mrem internal ACL at Hope Creek Nuclear Generating 
Station when their 98th percentile dose amounts were examined (Figure 4). The maximum 98th 
percentile doses ranged from 1247.51 mrem to 1260.51 mrem. Examinations of the individual 
bootstrapped datasets are detailed in Appendix A (Figures A9-A18). The bias estimates of the bootstrap 
procedure, as previously discussed, averaged approximately zero. This internal check validates the 
bootstrap method for predicting annual doses that do not vary substantially from the original mean 
dose (Appendix A, Figure A19).  
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Industry-wide comparison 
Total aggregated doses of radiation exposure for all workers on an annual basis have declined 
for workers at Hope Creek Nuclear Generating Station over the past twenty years (Figure 5). Hope Creek 
was reported into the second quartile of all Boiling Water Reactors (BWRs) that are monitored by the 
Nuclear Regulatory Commission (Table 5). The three-year collective dose from 2011-2013 was 109 rem 
at Hope Creek, which is below the national average of 129 rem. Wide variances exist among BWRs: 
Duane Arnold Nuclear Power Plant reported the lowest three year total dose, with 57 rem and Perry 
Nuclear Power Plant reported the highest total dose, with 241 rem. Both plants reported extreme 
changes in their total dose amount from the previous reporting period of 2010-2012 (53% decline and 
89% increase, respectively). By contrast, average worker doses of radiation exposure have remained 
relatively constant for Department of Energy (DOE)-monitored facilities (Figure 6). The ten-year average 
dose is 66 mrem. The average measurable dose per worker actually increased slightly from 2013 to 2014 
from 63 to 66 rem. No individual worker received a dose higher than 500 mrem.  
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Chapter 5: Discussion  
 
The highest annual observed dose received by any worker, is approximately 13% of the OEL of 
5,000 mrem. The probability of any random worker sampled at any given time exceeding the OEL was 
therefore very low. Based on a Bayesian calculation using the prior distribution of 0/888 workers who 
exceeded the OEL, we can attach a 95% confidence interval of 0 – 0.003. There is therefore a very small 
but still non-zero probability of exceeding the OEL.  
As we observed, the probabilities of exceeding the annual OEL generated by bootstrapped 
estimated are much lower than those of exceeding the monthly OEL/12. This observation supported by 
basic probability theory. The highest monthly dose received by any worker in 2014 was 294.1 mrem. 
This dose can be explained by the necessity of working in close proximity with the reactor during a 
short-term maintenance outage or urgent repair issue. This worker’s highest potential dose based on 
the given exposure profile is therefore 294.1 x 12 months, or 3,528 mrem. 3,528 is approximately 71% of 
the OEL, and exceeds the internal ACL standard at Hope Creek. However, in order to reach this level, the 
worker would have to reach this maximum dose amount every month. Since our dataset was the 
product of internal controls and worker dose monitoring, it is less likely that the worker would reach 
these high dose amounts consistently without being observed and reassigned. The bootstrapped 
probabilities of exposures that exceed the OEL are therefore much lower than those on a monthly basis.  
Compliance testing for exceedance is meaningful because it can notify the NRC if a plant is 
violating the established standard. However, as noted by Rappaport et al. (1995), if only a few workers 
receive above-average doses, then it is more cost-effective to modify their individual work habits than to 
implement system-wide engineering or administrative controls. Average worker dose has declined over 
the past twenty years at all NRC-monitored plants, from approximately 300 mrem in 1994 to 120 mrem 
in 2014 (Figure 7). Additional technology may be more expensive and less feasible than simply 
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distributing the exposure burden over more workers or removing workers from the plant who may be in 
danger of exceeding the OEL. 
Although the individual doses fall far below the OEL for compliance purposes, there is still a 
chance that the OEL can be exceeded. Between- and within-worker variability provide important 
information in order to predict future areas of concern. Our dataset is sufficiently large (n=5,388) and 
had approximately 70% of data above the LOD, which allowed us to make reasonably confident 
assertions about the true shape of the distribution and enabled the application of MLE for non-detects. 
Between and within worker dose exposure is an important means of analysis since it can reveal which 
specific occupations, if any, are at a higher risk of overexposure. This perspective also accounts for 
spikes in exposures in months where maintenance was performed or plant emergencies may have led to 
higher exposure totals.  
The monthly probability calculations of exceeding the OEL demonstrate the value of internal 
monitoring systems at Hope Creek Nuclear Generating Station. The probability of exceeding the OEL, 
and especially the internal ACL of 2,000 mrem on a monthly basis is much higher in certain departments, 
even though the overall annual doses are low. According to our calculations, there is an almost 9% 
chance of a worker in maintenance (mechanical) receiving an annual dose over the 2,000 mrem limit. 
This calculation corresponds to a 0.0912 chance of exceeding the 2,000 mrem ACL. 
However, in a realistic situation, plant supervisors would notice the high monthly totals received 
by workers and would adjust their work responsibilities in order to reduce their future exposures. The 
strictly regulated environment is a product of the Nuclear Regulatory Commission’s penalties for 
exceeding the OEL, as well as health concerns. The probabilities calculated in the monthly scenarios 
demonstrate to health physicists and other supervisors that their systems serve a valuable purpose in 
managing worker exposure.  
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Similarly, the value of the bootstrapping procedure lies in its predictive value for alternate 
exposure scenarios that were plausible given the data. Bootstrapping is a useful tool because it makes 
no assumptions about the distributions that govern the data. Workers with an unremarkable total dose 
but great variability in their monthly exposure demonstrated higher potential for exceeding the OEL 
than would have be expected given just one year’s worth of data. Consequently, if control measures are 
not taken, it is possible that some workers may reach the 2,000 mrem internal ACL at Hope Creek 
Nuclear Generating Station. In an emergency or an urgent maintenance need, these workers may not be 
available to perform their designated tasks due to the fear of exceeding the OEL. The importance of an 
internal feedback mechanism to monitor individual workers is therefore established.  
It is to be noted that this internal feedback mechanism for monitoring worker dose does not 
necessarily apply to contractors and temporary workers. Contractors who have only several months of 
exposure data at Hope Creek Nuclear Generating Station may have been assigned to another nuclear 
power plant, where they also accumulated radiation exposure. The plants report individual worker data, 
which are not necessarily aggregated across all power plants where a worker may have been present. 
The current dose reporting system therefore may not protect some contractors whose total annual dose 
is not monitored as closely, if at all.  
While there is a clearly demonstrated role for statistical modeling in predicting compliance 
issues, the value of collecting measurements cannot be underestimated. The variability in between- and 
within-worker exposure can only be accurately captured by closely monitoring the affected workers. 
Potential spikes in exposure during maintenance events or emergencies may not be accounted for if 
modeling is relied on at the expense of measurements.  
This conclusion is reinforced by the comparison of Hope Creek Nuclear Generating Station with 
peer Boiling Water Reactors (BWRs). Given comparative data with other boiling water reactors across 
the United States, Hope Creek is firmly in the middle in terms of the burden of worker exposure. 
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However, the two BWRs with the lowest and highest dose profiles, Duane Arnold and Perry Nuclear 
Power Plants, both experienced extreme fluctuations from 2012-2013. Perry Nuclear Power Plant 
witnessed an 89% increase in total radiation dose received. The potential for the hard-to-predict peaks 
in exposure from year to year is therefore a credible source of concern.  
Similarly, the slight increase in exposure totals for DOE-monitored facilities from 2013-2014 
demonstrate that exposures are constantly at risk of increase if workers are not closely monitored. In 
2010, one DOE worker reported an annual dose of over 5,000 mrem (U.S. Department of Energy, 2014 
Occupational Radiation Exposure Dashboard). This example demonstrates that it is vital for occupational 
radiation sites such as Hope Creek Nuclear Generating Station to closely monitor their workers.  
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Limitations 
A constant source of uncertainty during our analysis was a lack of context about the internal 
workings of Hope Creek Nuclear Generating Station. Workers were classified into occupational groups 
based on their titles. However, further information about tasks performed was not available. This 
context would have made the classification a more accurate and rigorous process. Further information 
about the use of internal administrative controls and methods for removing workers who are at risk of 
exceeding the OEL was not available.  
The SAS PROC NLMIXED employed in the MLE procedure made the assumption that both left-
censored data and missing values are missing at random, rather than through a specific work pattern or 
policy. While this assumption is acceptable according to our understanding of the data, it is possible that 
workers with missing values were given alternate work due to receiving higher than normal radiation 
levels. In other words, there could be a dependence between observed and censored levels of exposure. 
However, given that the LOD was 0.005% (0.1/2000) of the internal limit, uncertainty about the values 
that were used to account for left-censoring of data should have a negligible impact on our evaluation of 
compliance with the internal limit.  
In assessing the probability of overexposure on a monthly basis, we calculated each 
occupational title group’s likelihood against 1/12th the OEL of 5,000 mrem (Rappaport et al, 1995). Using 
a constant 1/12th OEL for every month makes the assumption that the burden of exposure is identical 
for every month. As demonstrated in our analysis of the monthly dose estimates (Appendix A, Table A1), 
certain months had higher or lower exposure profiles due to maintenance work and emergencies. For 
example, in September 2014, Hope Creek Nuclear Generating Station was shut down unexpectedly 
when a faulty safety relief valve caused concerns at the plant (Gallo Jr., September 6, 2014). Worker 
doses in September-October 2014 totaled approximately 16,000 mrem, as workers worked in closer 
proximity to the reactor than usual. In contrast, in February-March 2014, when no unexpected 
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maintenance was required, total worker dose exposure was approximately 150 mrem. However, in 
order to use this equation to predict future compliance issues, we did not adjust the 1/12th OEL value for 
monthly variations. 
The imputation procedure introduced a small amount of uncertainty into the calculations, since 
we imputed an unknown value for each data point below the LOD. Occupational title-specific mean and 
variance values are estimates that were produced through the MLE procedure.  By treating them as 
fixed values on which we based our imputations, the imputations produced are overly precise values 
that do not account for the uncertainty inherent in the inputs. However, since all imputations fall 
between 0 and 0.1 mrem in the context of a 5,000 mrem OEL, we considered this imprecision an 
acceptable margin of uncertainty. Any uncertainty introduced would be on the order of 0.1/5000, or 
0.002% at most.  
Our goal was to be health protective by including some amount of radiation exposure in place of 
the left-censored values while remaining as precise as possible in our estimation. The average standard 
error of the imputation values was 0.72 (table not shown), which confirms our assumption that the 
amount of uncertainty introduced was relatively minor. We also calculated five imputations instead of 
only one in an attempt to account for potential variability in worker exposure; this repetition mimics the 
practice of multiple imputations in which five imputations typically leads to stable inference in the sort 
of problem we addressed.  
Conclusion 
 Although there are clear limitations in working with only one year of occupational exposure 
data, striking observations can still be drawn through close examination of worker variances. 
Investigating worker variations on a monthly basis using the probability of exceeding the OEL and on an 
annual basis by bootstrapping the data provide further information about potential sources of concern. 
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From a compliance perspective, this data is vital in allocating resources to occupational groups and 
individual workers who may be a higher risk of exceeding the OEL.  
 Hope Creek Nuclear Generating Station has a successful strategy for reducing ionizing radiation 
exposure, since the doses received by individual workers are generally low. However, the variations 
observed in within- and between-worker doses clearly demonstrate the potential for concerning 
exposure scenarios if administrative controls are not consistently implemented. Distributing the dose 
among multiple workers and monitoring workers closely are both important strategies to reducing the 
burden to individual workers. Furthermore, given comparative data with other boiling water reactors 
across the United States, Hope Creek is firmly in the middle in terms of the burden of worker exposure. 
There is room for ALARA, but not cause for alarm.  
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Tables and Figures: Results and Discussion  
 
Table 2: SUMMARY STATISTICS FOR HOPE CREEK NUCLEAR GENERATING STATION WORKER 
EXPOSURE DATA 
Total # of Monthly 
Measurements 
 
5388 Total # of Workers 888 
Total dose received by all 
workers (mrem) 47,753.30  
         
  
  
Mean Median Range Maximum Minimum  
 
Monthly Dose (mrem) 
 
8.88 
 
1.00 
 
294.10 
 
294.10 
 
<0.1 
 
 
Annual dose (mrem) 
 
53.44 
 
9.00 
 
655.00 
 
655.00 
 
<0.1 
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Table 3: DESCRIPTIVE STATISTICS FOR ALL JOB TITLES OF MONTHLY DOSES MEASURED IN MREM 
 
Job Title 
 # 
Total 
% 
Detect 
% 
Censor Mean Median Mode Variance Minimum Maximum 
2.5th 
%ile 
25th 
%ile 
75th 
%ile 
97.5th 
%ile 
1- Chemistry 
 
273 77 23 3.63 1.90 <0.1 22.51 <0.1 31.50 <0.1 0.10 5.50 15.34 
2- Engineering 
 
546 42 58 1.20 <0.1 <0.1 13.34 <0.1 35.60 <0.1 <0.1 0.30 13.10 
3- 
Maintenance 
(12-hour shift) 
 
539 81 19 9.98 0.70 <0.1 970.75 <0.1 294.10 <0.1 0.10 4.43 110.46 
4- 
Maintenance 
(controls) 
 
206 74 26 4.71 0.60 <0.1 199.60 <0.1 167.30 <0.1 <0.1 4.70 27.41 
5- 
Maintenance 
(electrical) 
 
180 42 58 3.54 <0.1 <0.1 68.14 <0.1 57.20 <0.1 <0.1 1.88 28.43 
6- 
Maintenance 
(fix-it-now) 
 
178 90 10 10.70 1.50 <0.1 685.58 <0.1 180.60 <0.1 0.40 7.73 107.89 
7- 
Maintenance 
(mechanical) 
 
298 85 15 16.00 3.40 <0.1 953.40 <0.1 192.00 <0.1 0.40 17.30 117.06 
8- Contractor 
(Day & 
Zimmerman 
NPS) 
 
1955 73 27 9.40 0.90 <0.1 615.56 <0.1 275.90 <0.1 <0.1 6.90 82.44 
9- Plant 
Operations 
(shift A) 
 
150 82 18 8.10 2.50 <0.1 526.60 <0.1 205.70 <0.1 0.20 8.03 46.13 
10- Plant 
Operations 
(shift B) 
 
135 79 21 6.36 2.30 <0.1 118.43 <0.1 56.10 <0.1 0.10 7.25 43.65 
11- Plant 
Operations 
(shift C) 
 
160 81 19 8.47 2.25 <0.1 469.05 <0.1 189.50 <0.1 0.20 8.30 44.43 
12- Plant 
Operations 
(shift D) 
 
128 80 20 5.96 1.70 <0.1 132.58 <0.1 92.60 <0.1 0.10 6.25 31.60 
13- Plant 
Operations 
(shift E) 
 
120 80 20 9.22 2.50 <0.1 365.57 <0.1 127.20 <0.1 0.18 9.53 46.98 
14- Radiation 
Protection 
 
520 88 12 16.79 4.05 <0.1 957.18 <0.1 267.40 <0.1 0.70 18.45 106.40 
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Table 4: MAXIMUM LIKELIHOOD ESTIMATION (MLE) BY JOB TITLE ON LOG-TRANSFORMED DATA 
Employment status Job Title 
Number of 
measurements 
Number of 
workers 
Logarithmic 
mean (μyi, log 
mrem) 
Between-
worker 
variance (σ 2B) 
Within-worker 
variance (σ 2w) 
Hope Creek Employee 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1- Chemistry 270 26 -0.28 3.72 1.23 
2- Engineering 529 98 -3.25 2.59 5.17 
3- Maintenance 
(12-hour shift) 539 50 -0.32 0.87 5.39 
4- Maintenance 
(controls) 206 23 -1.33 4.87 3.12 
5- Maintenance 
(electrical) 180 23 -3.16 8.88 7.15 
6- Maintenance 
(fix-it-now) 178 18 0.14 1.71 3.34 
7- Maintenance 
(mechanical) 298 31 0.67 1.84 5.24 
9- Plant 
Operations 
(shift A) 140 14 0.11 3.79 2.00 
10- Plant 
Operations 
(shift B) 135 14 -0.40 4.53 2.50 
11- Plant 
Operations 
(shift C) 160 17 -0.24 4.50 2.44 
12- Plant 
Operations 
(shift D) 128 13 -0.30 2.67 2.95 
13- Plant 
Operations 
(shift E) 120 13 -0.05 4.23 2.67 
14- Radiation 
Protection 520 48 0.87 3.92 2.33 
Contractor 
8- Contractor 
(Day & 
Zimmerman 
NPS) 1965 500 -0.24 2.10 6.15 
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Figure 2: PROBABILITY OF ALL HOPE CREEK JOB TITLES EXCEEDING NRC OEL/12 AND HOPE CREEK 
INTERNAL ACL/12 ON A MONTHLY BASIS  
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Figure 3: BOOTSTRAPPED ESTIMATE SUMMARY OF ALL IMPUTED DATASETS OF MEAN ANNUAL DOSE 
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Figure 4: BOOTSTRAPPED ESTIMATE SUMMARY OF ALL IMPUTED DATASETS OF 98TH PERCENTILE 
ANNUAL DOSE 
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Figure 5: INDUSTRY TRENDS IN COLLECTIVE IONIZING RADIATION DOSE AS COMPARED WITH HOPE 
CREEK NUCLEAR GENERATING STATION COLLECTIVE DOSE, 1987-2013  
(Adapted from Occupational Radiation Exposure at Commercial Nuclear Power Reactors and Other 
Facilities 2013, NRC) 
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Table 5: COMPARISON OF THREE YEAR TOTAL EFFECTIVE DOSE EQUIVALENT AT HOPE CREEK NUCLEAR 
GENERATING STATION AND AT BOILING WATER REACTOR PEERS, INCLUDING PLANTS WITH THE 
MINIMUM AND MAXIMUM DOSE
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Figure 6: AVERAGE MEASURABLE TOTAL EFFECTIVE DOSE (TED) IN REM AT DEPARTMENT OF ENERGY 
FACILITIES (DOE), 2005-2014  
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Figure 7: AVERAGE MEASURABLE DOSE PER INDIVIDUAL WORKER AT ALL NRC-MONITORED NUCLEAR 
POWER PLANTS 
BWR = BOILING WATER REACTOR 
PWR = PRESSURIZED WATER REACTOR 
LWR = LIGHT WATER REACTOR 
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Appendix A: Supplemental Tables and Figures 
 
Figure A1: NRC PLANT ASSESSMENT COLOR RANKING SCHEME 
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Table A1: DESCRIPTIVE STATISTICS FOR ALL WORKERS BY MONTH 
 
 
 
  
January February March April
Valid 339 316 371 594
Missing 312 335 280 57
14.08 2.65 1.88 12.39
0.70 0.30 0.20 2.65
0.00 0.00 0.00 0.00
36.36 6.29 4.70 27.39
1322.19 39.61 22.06 750.09
267.40 58.30 49.30 222.30
0.00 0.00 0.00 0.00
267.40 58.30 49.30 222.30
25 0.00 0.00 0.00 0.20
50 0.70 0.30 0.20 2.65
75 7.80 2.38 1.40 11.48
N
Mean
Median
Mode
Percentiles
Std. Deviation
Variance
Range
Minimum
Maximum
Valid
Missing
25
50
75
N
Mean
Median
Mode
Percentiles
Std. Deviation
Variance
Range
Minimum
Maximum
Valid
Missing
25
50
75
N
Mean
Median
Mode
Percentiles
Std. Deviation
Variance
Range
Minimum
Maximum
May June July August
474 358 403 380
177 293 248 271
6.83 6.51 6.35 5.08
1.10 0.80 1.00 0.65
0.00 0.00 0.00 0.00
16.05 14.86 13.71 10.53
257.53 220.73 188.01 110.86
146.70 111.40 124.90 80.70
0.00 0.00 0.00 0.00
146.70 111.40 124.90 80.70
0.10 0.00 0.10 0.00
1.10 0.80 1.00 0.65
5.78 5.63 5.90 5.60
September October November December
443 651 645 414
208 0 6 237
13.36 15.57 8.74 5.64
0.60 2.70 1.10 0.70
0.00 0.00 0.00 0.00
34.08 33.00 24.46 14.03
1161.46 1088.99 598.11 196.77
294.10 275.90 253.00 136.70
0.00 0.00 0.00 0.00
294.10 275.90 253.00 136.70
0.00 0.10 0.10 0.00
0.60 2.70 1.10 0.70
11.30 15.00 5.85 4.05
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Figure A2: MONTHLY VARIABILITY IN TOTAL WORKER DOSE AT HOPE CREEK NUCLEAR GENERATING 
STATION 
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Figure A3: HOPE CREEK MONTHLY DOSE MEASUREMENTS FITTED AGAINST NORMALLY DISTRIBUTED 
P-P PLOT  
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Figure A4: HOPE CREEK MONTHLY DOSE MEASUREMENTS FITTED AGAINST NATURAL LOG-
TRANSFORMED P-P PLOT  
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Figure A5: Q-Q PLOT OF HOPE CREEK WORKER MONTHLY DOSE MEASUREMENTS AGAINST NORMAL 
DISTRIBUTION FIT
 
 
 
 
 
 
  
Page 53 
 
 
Figure A6: HOPE CREEK MONTHLY DOSE MEASUREMENTS FITTED AGAINST NATURAL LOG-
TRANSFORMED Q-Q PLOT  
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Figure A7: FREQUENCY OF WORKER MONTHLY DOSE MEASUREMENTS  
(values <LOD are pictured as a “spike” in data at zero) 
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Figure A8: MLE VARIANCE ESTIMATES (IN LOG-MREM) OF MONTHLY DOSE MEASUREMENTS FOR ALL 
JOB TITLES 
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Table A2: PROBABILITY OF EXCEEDING NRC OEL AND HOPE CREEK ACL 
Job Title 
Number of 
measurements 
Number 
of 
workers 
Probability of 
exceeding 
NRC OEL/12 in 
a month 
Probability of 
exceeding Hope 
Creek OEL/12 in 
a month 
1- Chemistry 270 26 0.16% 0.66% 
2- Engineering 529 98 0.00% 0.02% 
3- Maintenance (12-hour shift) 539 50 0.00% 0.16% 
4- Maintenance (controls) 206 23 0.43% 1.33% 
5- Maintenance (electrical) 180 23 2.96% 5.72% 
6- Maintenance (fix-it-now) 178 18 0.06% 0.57% 
7- Maintenance (mechanical) 298 31 2.15% 8.88% 
8- Contractor (Day & Zimmerman NPS) 1965 500 1.36% 5.76% 
9- Plant Operations (shift A) 140 14 0.58% 1.99% 
10- Plant Operations (shift B) 135 14 0.74% 2.24% 
11- Plant Operations (shift C) 160 17 0.87% 2.57% 
12- Plant Operations (shift D) 128 13 0.15% 0.80% 
13- Plant Operations (shift E) 120 13 1.05% 3.13% 
14- Radiation Protection 520 48 2.18% 5.99% 
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Figure A9: BOOTSTRAPPED ESTIMATE OF IMPUTED DATASET #1 OF MEAN ANNUAL DOSE 
 
 
 
Figure A10: BOOTSTRAPPED ESTIMATE ON IMPUTED DATASET #2 OF MEAN ANNUAL DOSE 
 
 
0
100
200
300
400
500
600
700
1 2 3 4 5 6 7 8 9 10 11 12 13 14
D
o
se
 (
m
re
m
)
Job Title 
Scenario 1: 
Mean of Bootstrapped Annual Dose 
0
100
200
300
400
500
600
700
1 2 3 4 5 6 7 8 9 10 11 12 13 14
D
o
se
 (
m
re
m
)
Job Title
Scenario 2: 
Mean of Bootstrapped Annual Dose 
Page 58 
 
 
Figure A11: BOOTSTRAPPED ESTIMATE ON IMPUTED DATASET #3 OF MEAN ANNUAL DOSE 
(10,000 SAMPLES) 
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Figure A12: BOOTSTRAPPED ESTIMATE ON IMPUTED DATASET #4 OF MEAN ANNUAL DOSE 
(10,000 SAMPLES) 
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Figure A13: BOOTSTRAPPED ESTIMATE ON IMPUTED DATASET #5 OF MEAN ANNUAL DOSE  
(10,000 SAMPLES) 
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Figure A14: BOOTSTRAPPED ESTIMATE ON IMPUTED DATASET #1 OF 98th PERCENTILE ANNUAL DOSE 
(10,000 SAMPLES) 
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Figure A15: BOOTSTRAPPED ESTIMATE ON IMPUTED DATASET #2 OF 98th PERCENTILE ANNUAL DOSE 
(10,000 SAMPLES) 
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Figure A16: BOOTSTRAPPED ESTIMATE ON IMPUTED DATASET #3 OF 98th PERCENTILE ANNUAL DOSE 
(10,000 SAMPLES) 
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Figure A17: BOOTSTRAPPED ESTIMATE ON IMPUTED DATASET #4 OF 98th PERCENTILE ANNUAL DOSE 
(10,000 SAMPLES) 
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Figure A18: BOOTSTRAPPED ESTIMATE ON IMPUTED DATASET #5OF 98th PERCENTILE ANNUAL DOSE 
(10,000 SAMPLES) 
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Figure A19: DISTRIBUTION OF BIAS ESTIMATES TO CHECK VALIDITY OF BOOTSTRAP PROCEDURE 
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Appendix B: Narrative and justification for recoding of worker duplicate 
measurements  
 
 For Worker ID "A Operator 10," the duplicate measurements was added to the worker’s existing 
measurements in job title 9- Plant Operations (shift A) since a complete set of doses for all 12 
months was present for that job title.  
 For Worker "Chem 12", most of the measurements take place in job title 1- Chemistry.  There 
was only one duplicate measurement for the month of August, which was added to the job title 
1- Chemistry dose for August.  
 Worker "Chem 2" had three measurements for August. A potential explanation is that the 
worker received two promotions in the same month and received new dosimeters with each 
promotion. The worker’s duplicated measurements were added to the doses for job title 1- 
Chemistry in the absence of further information.  
 Worker "Eng 19" had duplicates from March-December. The worker was placed in job title 2-
Engineering in order to match the job title, in the absence of further information. 
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Appendix C: SAS CODE USED IN MAXIMUM LIKELIHOOD ESTIMATION 
(FROM JIN ET AL, 2010)  
 
**SAS CODE FROM JIN ET AL (2010); 
 
**CREATE A DATASET OF JOB TITLE 1- CHEMISTRY - HOPE CREEK EMPLOYEES; 
DATA TWO1; 
   SET TWO; 
    IF dept=1; 
RUN; 
 
DATA TWO1; 
  SET TWO1; 
**C=1 INDICATES THAT THE OBSERVED EXPOSURE MEASUREMENT (Y) IS BELOW THE LIMIT 
OF DETECTION (LOD0.  
  C=0 MEANS Y IS ABOVE LOD; 
    IF C=1 THEN NY=LOD; 
   IF C=0 THEN NY=Y; 
RUN; 
 
**RUN PROC NLMIXED (MIXED EFFECTS MODEL) ON JOB TITLE 1. 
 BETA0=INTERCEPT (GEOMETRIC MEAN), SB_2=BETWEEN-WORKER VARIANCE, SW_2=WITHIN 
WORKER VARIANCE. 
FIT MIXED-EFFECTS MODELS TO LOG-NORMALLY DISTRIBUTED OCCUPATIONAL EXPOSURE 
DATA WITH REPEATED MEASUREMENTS.; 
PROC NLMIXED DATA=TWO1; 
  PARMS BETA0=0 SB_2=2 SW_2=2; 
  BOUNDS SB_2 SW_2>0; 
  MU=BETA0 + U_I; 
  PI=2*ARSIN(1); 
 
**FIND THE MAXIMUM LIKELIHOOD FOR VALUES GIVEN BOTH DETECTED AND CENSORED 
MEASUREMENTS;  
   IF C=0 THEN L=(1/(SQRT(2*PI*SW_2)*NY))*EXP(-(LOG(NY)-MU)**2/(2*SW_2)); 
   IF C=1 THEN L=PROBNORM((LOG(NY)-MU)/SQRT(SW_2)); 
  LL=LOG(L); 
  MODEL NY ~ GENERAL(LL); 
  RANDOM U_I ~ NORMAL(0,SB_2) SUBJECT=SUBJECTID; 
 
**OUTPUT MU IN ORDER TO HAVE MEAN EXPOSURE VALUE FOR JOB TITLE 1. 
 FOR USE IN RAPPAPORT MONTHLY PROBABILITY OF EXCEEDING OEL CALCUALTIONS; 
  PREDICT MU OUT=output01; 
RUN; 
 
**CREATE A DATASET OF JOB TITLE 2- ENGINEERING - HOPE CREEK EMPLOYEES; 
DATA TWO2; 
   SET TWO; 
    IF dept=2; 
RUN; 
 
**REPEAT SAME PROCEDURE AS ABOVE ON JOB TITLE 2;  
DATA TWO2; 
  SET TWO2; 
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    IF C=1 THEN NY=LOD; 
   IF C=0 THEN NY=Y; 
RUN; 
 
PROC NLMIXED DATA=TWO2; 
 PARMS BETA0=0 SB_2=2 SW_2=2; 
 BOUNDS SB_2 SW_2>0; 
 MU=BETA0 + U_I; 
 PI=2*ARSIN(1); 
   IF C=0 THEN L=(1/(SQRT(2*PI*SW_2)*NY))*EXP(-(LOG(NY)-
MU)**2/(2*SW_2)); 
   IF C=1 THEN L=PROBNORM((LOG(NY)-MU)/SQRT(SW_2)); 
 LL=LOG(L); 
 MODEL NY ~ GENERAL(LL); 
 RANDOM U_I ~ NORMAL(0,SB_2) SUBJECT=SUBJECTID; 
 PREDICT MU OUT=output02; 
RUN; 
 
**CREATE A DATASET OF JOB TITLE 3- MAINTENANCE - 12 HOUR SHIFT - HOPE CREEK 
EMPLOYEES; 
  DATA TWO3; 
   SET TWO; 
    IF dept=3; 
RUN; 
 
DATA TWO3; 
  SET TWO3; 
    IF C=1 THEN NY=LOD; 
   IF C=0 THEN NY=Y; 
RUN; 
 
PROC NLMIXED DATA=TWO3; 
  PARMS BETA0=0 SB_2=2 SW_2=2; 
  BOUNDS SB_2 SW_2>0; 
  MU=BETA0 + U_I; 
  PI=2*ARSIN(1); 
   IF C=0 THEN L=(1/(SQRT(2*PI*SW_2)*NY))*EXP(-(LOG(NY)-MU)**2/(2*SW_2)); 
   IF C=1 THEN L=PROBNORM((LOG(NY)-MU)/SQRT(SW_2)); 
  LL=LOG(L); 
  MODEL NY ~ GENERAL(LL); 
  RANDOM U_I ~ NORMAL(0,SB_2) SUBJECT=SUBJECTID; 
  PREDICT MU OUT=output03; 
RUN; 
 
**CREATE A DATASET OF JOB TITLE 4- MAINTENANCE - CONTROLS - HOPE CREEK 
EMPLOYEES; 
  DATA TWO4; 
   SET TWO; 
    IF dept=4; 
RUN; 
 
DATA TWO4; 
  SET TWO4; 
    IF C=1 THEN NY=LOD; 
 IF C=0 THEN NY=Y; 
RUN; 
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PROC NLMIXED DATA=TWO4; 
  PARMS BETA0=0 SB_2=2 SW_2=2; 
  BOUNDS SB_2 SW_2>0; 
  MU=BETA0 + U_I; 
  PI=2*ARSIN(1); 
  IF C=0 THEN L=(1/(SQRT(2*PI*SW_2)*NY))*EXP(-(LOG(NY)-MU)**2/(2*SW_2)); 
  IF C=1 THEN L=PROBNORM((LOG(NY)-MU)/SQRT(SW_2)); 
  LL=LOG(L); 
  MODEL NY ~ GENERAL(LL); 
  RANDOM U_I ~ NORMAL(0,SB_2) SUBJECT=SUBJECTID; 
  PREDICT MU OUT=output04; 
RUN; 
 
**CREATE A DATASET OF JOB TITLE 5- MAINTENANCE - ELECTRICAL - HOPE CREEK 
EMPLOYEES; 
  DATA TWO5; 
   SET TWO; 
    IF dept=5; 
RUN; 
 
DATA TWO5; 
  SET TWO5; 
   IF C=1 THEN NY=LOD; 
   IF C=0 THEN NY=Y; 
RUN; 
 
PROC NLMIXED DATA=TWO5; 
  PARMS BETA0=0 SB_2=2 SW_2=2; 
  BOUNDS SB_2 SW_2>0; 
  MU=BETA0 + U_I; 
  PI=2*ARSIN(1); 
  IF C=0 THEN L=(1/(SQRT(2*PI*SW_2)*NY))*EXP(-(LOG(NY)-MU)**2/(2*SW_2)); 
  IF C=1 THEN L=PROBNORM((LOG(NY)-MU)/SQRT(SW_2)); 
  LL=LOG(L); 
  MODEL NY ~ GENERAL(LL); 
  RANDOM U_I ~ NORMAL(0,SB_2) SUBJECT=SUBJECTID; 
PREDICT MU OUT=output05; 
RUN; 
 
**CREATE A DATASET OF JOB TITLE 6- MAINTENANCE - FIX IT NOW - HOPE CREEK 
EMPLOYEES; 
DATA TWO6; 
   SET TWO; 
    IF dept=6; 
RUN; 
 
DATA TWO6; 
  SET TWO6; 
   IF C=1 THEN NY=LOD; 
   IF C=0 THEN NY=Y; 
RUN; 
 
PROC NLMIXED DATA=TWO6; 
  PARMS BETA0=0 SB_2=2 SW_2=2; 
  BOUNDS SB_2 SW_2>0; 
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  MU=BETA0 + U_I; 
  PI=2*ARSIN(1); 
  IF C=0 THEN L=(1/(SQRT(2*PI*SW_2)*NY))*EXP(-(LOG(NY)-MU)**2/(2*SW_2)); 
  IF C=1 THEN L=PROBNORM((LOG(NY)-MU)/SQRT(SW_2)); 
  LL=LOG(L); 
  MODEL NY ~ GENERAL(LL); 
  RANDOM U_I ~ NORMAL(0,SB_2) SUBJECT=SUBJECTID; 
  PREDICT MU OUT=output06; 
RUN; 
 
**CREATE A DATASET OF JOB TITLE 7- MAINTENANCE - HC - MECHANICAL - HOPE CREEK 
EMPLOYEES; 
  DATA TWO7; 
   SET TWO; 
    IF dept=7; 
RUN; 
 
DATA TWO7; 
  SET TWO7; 
    IF C=1 THEN NY=LOD; 
   IF C=0 THEN NY=Y; 
RUN; 
 
PROC NLMIXED DATA=TWO7; 
  PARMS BETA0=0 SB_2=2 SW_2=2; 
  BOUNDS SB_2 SW_2>0; 
  MU=BETA0 + U_I; 
  PI=2*ARSIN(1); 
  IF C=0 THEN L=(1/(SQRT(2*PI*SW_2)*NY))*EXP(-(LOG(NY)-MU)**2/(2*SW_2)); 
  IF C=1 THEN L=PROBNORM((LOG(NY)-MU)/SQRT(SW_2)); 
  LL=LOG(L); 
  MODEL NY ~ GENERAL(LL); 
  RANDOM U_I ~ NORMAL(0,SB_2) SUBJECT=SUBJECTID; 
  PREDICT MU OUT=output07; 
RUN; 
 
**CREATE A DATASET OF JOB TITLE 8- PLANT SUPERVISOR - DAY & ZIMMERMAN NPS 
CONTRACTORS; 
DATA TWO8; 
   SET TWO; 
    IF dept=8; 
RUN; 
 
DATA TWO8; 
  SET TWO8; 
    IF C=1 THEN NY=LOD; 
   IF C=0 THEN NY=Y; 
RUN; 
 
PROC NLMIXED DATA=TWO8; 
  PARMS BETA0=0 SB_2=2 SW_2=2; 
  BOUNDS SB_2 SW_2>0; 
  MU=BETA0 + U_I; 
  PI=2*ARSIN(1); 
  IF C=0 THEN L=(1/(SQRT(2*PI*SW_2)*NY))*EXP(-(LOG(NY)-MU)**2/(2*SW_2)); 
  IF C=1 THEN L=PROBNORM((LOG(NY)-MU)/SQRT(SW_2)); 
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  LL=LOG(L); 
  MODEL NY ~ GENERAL(LL); 
  RANDOM U_I ~ NORMAL(0,SB_2) SUBJECT=SUBJECTID; 
  PREDICT MU OUT=output08; 
RUN; 
 
**CREATE A DATASET OF JOB TITLE 9- PLANT OPERATIONS - SHIFT A - HOPE CREEK 
EMPLOYEES; 
  DATA TWO9; 
   SET TWO; 
    IF dept=9; 
RUN; 
 
DATA TWO9; 
  SET TWO9; 
    IF C=1 THEN NY=LOD; 
   IF C=0 THEN NY=Y; 
RUN; 
 
PROC NLMIXED DATA=TWO9; 
  PARMS BETA0=0 SB_2=2 SW_2=2; 
  BOUNDS SB_2 SW_2>0; 
  MU=BETA0 + U_I; 
  PI=2*ARSIN(1); 
  IF C=0 THEN L=(1/(SQRT(2*PI*SW_2)*NY))*EXP(-(LOG(NY)-MU)**2/(2*SW_2)); 
  IF C=1 THEN L=PROBNORM((LOG(NY)-MU)/SQRT(SW_2)); 
  LL=LOG(L); 
  MODEL NY ~ GENERAL(LL); 
  RANDOM U_I ~ NORMAL(0,SB_2) SUBJECT=SUBJECTID; 
  PREDICT MU OUT=output09; 
RUN; 
 
**CREATE A DATASET OF JOB TITLE 10- PLANT OPERATIONS - SHIFT B - HOPE CREEK 
EMPLOYEES; 
  DATA TWO10; 
   SET TWO; 
    IF dept=10; 
RUN; 
 
DATA TWO10; 
  SET TWO10; 
    IF C=1 THEN NY=LOD; 
   IF C=0 THEN NY=Y; 
RUN; 
 
PROC NLMIXED DATA=TWO10; 
  PARMS BETA0=0 SB_2=2 SW_2=2; 
  BOUNDS SB_2 SW_2>0; 
  MU=BETA0 + U_I; 
  PI=2*ARSIN(1); 
  IF C=0 THEN L=(1/(SQRT(2*PI*SW_2)*NY))*EXP(-(LOG(NY)-MU)**2/(2*SW_2)); 
  IF C=1 THEN L=PROBNORM((LOG(NY)-MU)/SQRT(SW_2)); 
  LL=LOG(L); 
  MODEL NY ~ GENERAL(LL); 
  RANDOM U_I ~ NORMAL(0,SB_2) SUBJECT=SUBJECTID; 
  PREDICT MU OUT=output10; 
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RUN; 
 
**CREATE A DATASET OF JOB TITLE 11- PLANT OPERATIONS - SHIFT C - HOPE CREEK 
EMPLOYEES; 
  DATA TWO11; 
   SET TWO; 
    IF dept=11; 
RUN; 
 
DATA TWO11; 
  SET TWO11; 
    IF C=1 THEN NY=LOD; 
   IF C=0 THEN NY=Y; 
RUN; 
 
PROC NLMIXED DATA=TWO11; 
  PARMS BETA0=0 SB_2=2 SW_2=2; 
  BOUNDS SB_2 SW_2>0; 
  MU=BETA0 + U_I; 
  PI=2*ARSIN(1); 
  IF C=0 THEN L=(1/(SQRT(2*PI*SW_2)*NY))*EXP(-(LOG(NY)-MU)**2/(2*SW_2)); 
  IF C=1 THEN L=PROBNORM((LOG(NY)-MU)/SQRT(SW_2)); 
  LL=LOG(L); 
  MODEL NY ~ GENERAL(LL); 
  RANDOM U_I ~ NORMAL(0,SB_2) SUBJECT=SUBJECTID; 
  PREDICT MU OUT=output11; 
RUN; 
 
**CREATE A DATASET OF JOB TITLE 12- PLANT OPERATIONS - SHIFT D - HOPE CREEK 
EMPLOYEES; 
  DATA TWO12; 
   SET TWO; 
    IF dept=12; 
RUN; 
 
DATA TWO12; 
  SET TWO12; 
  IF C=1 THEN NY=LOD; 
  IF C=0 THEN NY=Y; 
  RUN; 
 
PROC NLMIXED DATA=TWO12; 
  PARMS BETA0=0 SB_2=2 SW_2=2; 
  BOUNDS SB_2 SW_2>0; 
  MU=BETA0 + U_I; 
  PI=2*ARSIN(1); 
   IF C=0 THEN L=(1/(SQRT(2*PI*SW_2)*NY))*EXP(-(LOG(NY)-MU)**2/(2*SW_2)); 
   IF C=1 THEN L=PROBNORM((LOG(NY)-MU)/SQRT(SW_2)); 
  LL=LOG(L); 
  MODEL NY ~ GENERAL(LL); 
  RANDOM U_I ~ NORMAL(0,SB_2) SUBJECT=SUBJECTID; 
  PREDICT MU OUT=output12; 
RUN; 
 
**CREATE A DATASET OF JOB TITLE 13- PLANT OPERATIONS - SHIFT E - HOPE CREEK 
EMPLOYEES; 
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  DATA TWO13; 
   SET TWO; 
    IF dept=13; 
RUN; 
 
DATA TWO13; 
  SET TWO13; 
    IF C=1 THEN NY=LOD; 
   IF C=0 THEN NY=Y; 
RUN; 
 
PROC NLMIXED DATA=TWO13; 
  PARMS BETA0=0 SB_2=2 SW_2=2; 
  BOUNDS SB_2 SW_2>0; 
  MU=BETA0 + U_I; 
  PI=2*ARSIN(1); 
   IF C=0 THEN L=(1/(SQRT(2*PI*SW_2)*NY))*EXP(-(LOG(NY)-MU)**2/(2*SW_2)); 
   IF C=1 THEN L=PROBNORM((LOG(NY)-MU)/SQRT(SW_2)); 
  LL=LOG(L); 
  MODEL NY ~ GENERAL(LL); 
  RANDOM U_I ~ NORMAL(0,SB_2) SUBJECT=SUBJECTID; 
  PREDICT MU OUT=output13; 
RUN; 
 
**CREATE A DATASET OF JOB TITLE 14- RADIATION PROTECTION - HOPE CREEK 
EMPLOYEES; 
  DATA TWO14; 
   SET TWO; 
    IF dept=14; 
RUN; 
 
DATA TWO14; 
  SET TWO14; 
    IF C=1 THEN NY=LOD; 
   IF C=0 THEN NY=Y; 
RUN; 
 
PROC NLMIXED DATA=TWO14; 
  PARMS BETA0=0 SB_2=2 SW_2=2; 
  BOUNDS SB_2 SW_2>0; 
  MU=BETA0 + U_I; 
  PI=2*ARSIN(1); 
   IF C=0 THEN L=(1/(SQRT(2*PI*SW_2)*NY))*EXP(-(LOG(NY)-MU)**2/(2*SW_2)); 
   IF C=1 THEN L=PROBNORM((LOG(NY)-MU)/SQRT(SW_2)); 
  LL=LOG(L); 
  MODEL NY ~ GENERAL(LL); 
  RANDOM U_I ~ NORMAL(0,SB_2) SUBJECT=SUBJECTID; 
  PREDICT MU OUT=output14; 
RUN; 
 
**END CODE;  
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Appendix D: CODE FOR MULTIPLE IMPUTATION PROCEDURE IN R 
 
#SELECT TRUNCNORM PACKAGE 
local({pkg <- select.list(sort(.packages(all.available = 
TRUE)),graphics=TRUE) 
if(nchar(pkg)) library(pkg, character.only=TRUE)}) 
#SET RANDOM NUMBER GENERATION START POINT  
set.seed(750) 
#SET FILE PATH 
setwd("file path") 
#IMPORT FILE - ALL LEFT-CENSORED MEASUREMENTS 
data <- read.csv("filename.csv", header=T) 
#READ THE INPUTS OF INTERESTS FROM THE DATA:  
MU=LOG-TRANSFORMED MEAN FOR SPECIFIC JOB TITLE 
mu<-data[,8] 
STANDARD DEVIATION=SQUARE ROOT OF WITHIN WORKER VARIANCE 
sd<-sqrt(data[,16]) 
LIMIT OF DETECTION = 0.1 MREM 
lod<-log(data[,6]) 
SET NUMBER OF ROWS (I.E. NUMBER OF WORKERS) 
n<-nrow(data) 
#GENERATE 5 IMPUTED VALUES FOR EACH MEASUREMENT BELOW THE LIMIT OF DETECTION 
USING A TRUNCATED NORMAL DISTRIBUTION. 
BOUNDS ARE NEGATIVE INFINITY AND THE LIMIT OF DETECTION.  
BASE THE IMPUTATION ON THE JOB-TITLE SPECIFIC MEAN AND STANDARD DEVIATION 
x1<-rtruncnorm(1, a=-Inf, b=lod, mean=mu, sd=sd) 
x2<-rtruncnorm(1, a=-Inf, b=lod, mean=mu, sd=sd) 
#PLOT THE FIRST SET OF IMPUTATIONS AGAINST THE MEAN AS A CHECK TO SEE IF THE 
FUNCTION IS PERFORMING AS EXPECTED. 
plot(x1, mu) 
#PLOT THE FIRST AND SECOND SET OF IMPUTATIONS TO MAKE SURE THEY ARE SIMILAR. 
plot(x1, x2) 
#GENERATE FINAL 3 SETS OF IMPUTED VALUES.  
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x3<-rtruncnorm(1, a=-Inf, b=lod, mean=mu, sd=sd) 
x4<-rtruncnorm(1, a=-Inf, b=lod, mean=mu, sd=sd) 
x5<-rtruncnorm(1, a=-Inf, b=lod, mean=mu, sd=sd) 
#SPECIFY THE FILE NAME AND THE DATA TO BE EXPORTED 
filename<-cbind(x1, x2, x3, x4, x5, data[,1:3]) 
filename[1,] 
#OUTPUT THE SPECIFIED DATA AS AN EXCEL FILE 
library(xlsx) 
write.xlsx(filename, "filename.xlsx") 
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Appendix E: BOOTSTRAPPING PROCEDURE CODE IN R FOR ONE 
IMPUTED SET OF DATA 
 
#SET RANDOM NUMBER GENERATION START POINT  
set.seed(7195) 
#SET FILE PATH 
setwd("C:\\Users\\ThinkPad-T420\\Documents\\CBMP") 
#IMPORT DATA 
data <- read.csv("filename.csv", header=T) 
#SET FUNCTION THAT WILL BOOTSTRAP THE DOSE 
b.dosew <- function(data, num, LIMIT, worker)  
{resamples <- lapply(1:num, function(i) sample(data, replace=T)) 
#DEFINE OUTPUTS OF INTEREST: DOSE, VARIANCE, MEAN DOSE, PROBABILITY OF 
EXCEEDING THE OEL, BOOTSTRAP BIAS,  
UPPER LIMIT OF POTENTIAL DOSE (MEAN + 2 STANDARD DEVIATIONS), ANOTHER UPPER 
LIMIT ESTIMATION (98TH PERCENTILE) 
 r.dose <- sapply(resamples, sum) 
 r.var <- var(r.dose) 
 r.mean<-mean(r.dose) 
 r.probexceed<-length( which( r.dose > LIMIT ))/num 
 r.bias<-(r.mean-sum(data)) 
 r.upper<-r.mean+2*sd(r.dose) 
 r.p<-quantile(r.dose,0.98) 
#OUTPUT SPECIFIED CALCULATIONS 
out<-c(mean=r.mean, variance=r.var, probexceed=r.probexceed, bias=r.bias, 
m2sd=r.upper, p=r.p) 
+ return(out)} 
#DEFINE DATA TO BE BOOTSTRAPPED (ONE ROWN PER WORKER) 
monthly<-data[(1:888),] 
#SET THE NUMBER OF RESAMPLES FOR EACH WORKER (10,000) 
r<-10000 
#SPECIFY THE OCCUPATIONAL EXPOSURE LIMIT (OEL=5000 MREM) 
LIMIT<-5000 
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#SPECIFY THE NUMBER OF WORKERS (888) 
workers=888 
#LOOP THE CODE AROUND EACH WORKER AT THE END OF A ROW TO GENERATE A 
BOOTSTRAPPED DOSE PER WORKER 
boot<-NULL 
for (i in 1:workers){b<-b.dosew(monthly[i,],r, LIMIT, i) 
#SPECIFY THE DATA TO BE EXPORTED 
boot <- rbind(boot, b)} 
boot 
#WRITE THE OUTPUT TO A CSV FILE 
library(foreign) 
write.csv(boot, "filename.csv") 
 
